By briefly reviewing our research on DNA aggregates and virus structure I point to the fact that the general framework to treat biological phenomena from a physical perspective is lacking. To solve this problem we may or may not need to introduce new physics. Nonetheless, by recalling here Schrödinger's arguments on the physical description of life, I suggest that if new laws need to be introduced to describe living matter with physics perhaps they could emerge from the understanding of how the order and stability of DNA is reflected in the order and stability of the macroscopic organism.
Introduction
1 This is a reflection on the physical explanation of life phenomena based on two experiences: One is theoretical research on DNA aggregation (Iorio et al., 2008) and on virus structure (Iorio and Sen, 2008) , one is the reading of Erwin Schrödinger's book on life (Schrödinger, 1944) . Thus I shall present here a personal and partisan view that stems from my near-to-complete ignorance of certain theoretical developments considered to be central for the physical understanding of life phenomena. The strength of my arguments, though, lies in the undisputable evidence that the solution of the problem is still far to come and in the conviction that Schrödinger's "second assignment" (i.e. the challenge to find new physics for life phenomena) has not been fulfilled as yet.
In what follows I briefly review our research on DNA aggregates and virus structure with the intent of showing in these two cases the practical effects of the lack of a general picture (see also Iorio, 2009 ). I then move to a general discussion on the relationship between physics and biology, first by discussing in Section 3 on the application of physics methodology to biology. Then, in Section 4, I present my understanding of Schrödinger's 1943 program to argue that that call to theoretical physics to include life phenomena is still unanswered. In the last Section I draw my conclusions.
2. Learning on the (lack of the) big picture 2.1 Quantum fields holding together DNA aggregates DNA molecules in aqueous solution ionize and become highly charged anions which strongly repel (for reviews see, e.g., Gelbart et al., 2000 , Kornyshev et al., 2007 . When specific cations are added (i) DNA attracts and binds them to make a new structure, the DNA-cations complex, and (ii) when about 90 per cent of the DNA negative charge is screened the like-sign DNAcations strands attract and collapse (see, e.g., Gelbart et al., 2000 , Kornyshev et al., 2007 , Levin, 2002 to form finite-size aggregates whose shape is either rod-like or spheroidal or, most commonly, toroidal (Hud and Vilfan, 2005) .
Long ago Oosawa and Manning (OM) explained the counterions condensation as a phase transition within the classical PoissonBoltzmann (PB) mean field electrostatic theory (Oosawa, 1971) . Despite important advancements, the second part of the puzzle still presents many open questions: (i) it is not understood why the aggregate does not grow forever; (ii) there is no general consensus on the necessity to go beyond the PB classical theory, as proposed in Oosawa, 1971 (see also Grønbech-Jensen et al., 1997) and as opposed in Kornyshev and Leikin, 1998 (see also Kornyshev et al., 2007 and Cherstvy, 2005) ; (iii) whichever approach is used -the zero frequency Casimir/van der Waals interaction of Ninham and Parsegian, 1970 (see also Mitchell et al., 1973) ; the "electrostatic zipper" model of Kornyshev and Leikin, 1998 ; correlations of thermal Gaussian fluctuations of the number density of counterions (GroenbechJensen et al., 1997 , Oosawa, 1971 ; the Wigner crystal approach (Grason and Bruinsma, 2006 ) -the paradigm is that the interactions are classical (Gelbart et al., 2000) . The lack of appreciation of quantum effects for this phenomenon was probably due to the lack of calculations based on the appropriate codimension two ( The work in Ninham and Parsegian, 1970 and Podgornik and Parsegian, 1998 is based on the Lifshitz computation for the Casimir effect in presence of dielectric media (see, e.g., Schwinger et al., 1978 and also Milonni, 1993 These fluctuations are disturbances of the quantum vacuum induced by the deltafunctions and, since they are the electric field, they travel at the speed of light in the medium. We are not considering charge density or positional fluctuations of counterions, hence we do not have slow-moving fluctuations, as, e.g., Podgornik and Parsegian, 1998 that had to consider only zero frequency (i.e. classical) contribution to the usual Casimir/van der Waals effect. We have here a universal mechanism of interaction that (i) only becomes important when the OM condensation has taken place, (ii) whose temperature dependence is via the length scale µ and (iii) with a free (but highly constrained in units of µ ) parameter M.
The two-body interaction indeed is attractive as shown in Fig. 1 . Our focus needs be on configurations as close as possible to real cases (Hud and Vilfan, 2005) , such as that shown in Fig. 2 , where the relative distances are eV/Å at 10 Å. At this distance our two-body interaction is
), i.e. between one and two orders of magnitude stronger. For the many-body case, the case of importance for the aggregates, this factor grows enormously (Iorio et al., 2008 ) but we cannot trust our approximations for x too close to the singular value of the logarithm. It is clear, though, that at the distances of relevance this quantum energy is stronger (or much stronger) than thermal energy. Thus we can conclude that it is relativistic quantum field zeropoint energy that holds together DNA aggregates. Kornyshev and Leikin, 1998 , where an effort is made to take into account the detailed structure of DNA, does not include any role due to the (quantum?) information carried by the molecule of life. (iii) Where is, in the equations of the problem, that DNA compaction is just one of a series of "moves" made with a "purpose" (e.g., to pack the DNA into a virus bacteriophage's "head" is one of the many steps of the "life" cycle of the virus)? and how to describe these "moves" and the "purpose" as physical phenomena emerging from the basic dynamics? (iv) Is the description of this puzzle complicated because we are missing something crucial? It happened already in physics that complicated explanations of a given phenomenon within the logical frame of a theory were in fact the sign that the theory needed drastic changes. When those took place the same phenomenon gained a much simpler explanation. Examples are the ether-based phenomena, Mercury perihelion precession, the black-body radiation, whose explanation became clear after the discovery of special relativity, general relativity and quantum mechanics, respectively. Many more examples can be found.
Virus structure and conjectured scars
A virus is a piece of DNA or RNA surrounded by a protein coat, the capsid, sometimes cased into a lipidic membrane, the envelop (Chiu et al., 1997) . The capsid's shape can be: helical, icosahedral or complex (sphero-cylindrical, conical, tubular or more complicated) (Chiu et al., 1997) . Viruses may change their shape (polymorphism) as an important step in their "life"-cycle. For instance, HIV-1 is only infective when its capsid has changed from spherical to conical (maturation) (Ganser-Pornillos et al., 2008) . The theory of icosahedral capsids was proposed by Crick and Watson, 1956 applied to the sphere, =2 χ , and from the CK "quasi-equivalence" principle (Caspar and Klug, 1962) , see also Iorio and Sen, 2008 . The CK theory is nowadays an established paradigm among virologists (Chiu et al., 1997) and various modifications/generalizations have been proposed by physicists and mathematicians (for a review see Zlotnick, 2005) , but none made its way to virology textbooks.
An intimately related physical set-up is that of N electrons on the surface of a sphere.
To find their minimum energy configurations means to solve the so-called "Thomson problem" (Thomson, 1904) , unsolved in general. For
<(500) NO
(and of the form Scars have been experimentally found (in spherical crystals of mutually repelling polystyrene beads self-assembled on water droplets in oil (Bausch et al., 2003) ) but still need a deep understanding in terms of phase transitions. Nonetheless, it is easy to see that they are allowed by the theorem ( (1) is to think of a pair 6-6, with zero total and local curvature and zero bending energy, converted into a pair 5-7 (see Fig. 3 The (idealized) shape-change mechanism of Iorio and Sen (2008) , is (see Fig.  3 ): i) proteins first make a CK icosahedron; ii) when, e.g., N reaches scar N , they form scars: 6657 −→−; iii) the capsid changes shape via the release of the bending energy into stretching energy at the location of the scar with the consequent "annihilation" of the 5-7 pair:
5766 −→−. The resulting capsid has the CK morphological units but not the spherical shape.
An example given in Iorio and Sen, 2008 is that of scars created only near the 10 inner vertices via a mechanism that respects a 5 C rotation symmetry around the north pole-south pole axis. In Fig. 4 
The missing frame II
A crucial aspect of the physics of viruses lies in the fact that viruses are considered by biologists to be close to the border between dead and living matter but on its dead side. The reason is that, although they are structures based on DNA or RNA, hence on the processing of proteins, and they reproduce, they have no metabolism and are not cells. I consider them the first-non-trivial example of a "life" cycle: DNA/RNA encoding proteins, proteins casing the DNA/RNA and on from there. If one could solve for viruses the problems I am posing here and in the following I think we would have made an important step towards a physical theory of life.
As for the previous case of DNA compaction, many questions remain unanswered while looking into the specific and important phenomenology of the viral capsid's shape-changes. Questions (iii) and (iv) of Subsection 2.1.1 just go through if one replaces the words "DNA compaction" with "capsid's shape change" and the rest accordingly. As for the role of quantum physics and (quantum?) information they surely apply indirectly when the fact that the capsid's proteins are encoded by DNA/RNA is taken into account. But what I find interesting here is that the physics of the capsids is in many respects the physics of twodimensional curved lattices or membranes (depending on the employed coarsegraining/size of the virus) and being the surplus electrons of the proteins important for the local interaction (Garel et al., 1998) , it comes to the mind that a gauge/gravity theory of fermions in low dimensions could be relevant. If the physics of the capsids is properly framed within that approach there is a fairly big amount of mathematical control we can hope to have on the passive actor of the play, the active actor being the genetic material. The goal then would be to understand how the active part acts on the passive one and how the "moves" and "purpose" could emerge mathematically from the equations. Notice that by passive part here I mean that part of a system that complies with the laws of physics just like any dead system, including equilibrium thermodynamics (see, e.g., Bruinsma, 2006) . Consequently, by active part I mean something else.
Biology as Physics: Lending a Methodology
After having learned from two concrete examples that something is missing when biological problems are faced with the methods of physics, let me now try to say what we can do. There are essentially two approaches to the problem: one conservative, one revolutionary.
The conservative approach consists in the application of existing physical models to aspects of biological problems. The examples fill completely the field of biophysics, i.e. the physics customarily employed by practitioners. This approach reaches impressive precision in the description of particular biological phenomena and it is very powerful when it comes to put under control particular aspects (say, e.g., the osmotic pressure in cells, the functioning of the ionic pump for neurons, muscles' contraction, etc.). It may or may not employ mathematical models that are originated in completely different areas of physics, like for instance the physics of defects on elastic membranes (Bowick et al., 2000) that in turn can be related to low-dimensional general relativistic formalism (Katanaev and Volovich, 1992) . In the work discussed in the previous Section we have not done anything different from that when we applied the codimension two Casimir effect to DNA aggregation and when we conjectured about the existence and role of scars on viral capsids based on results of the theory of elastic membranes.
It might look revolutionary at first sight to apply relativistic quantum field theory to DNA aggregates. This is perhaps surprising, but it falls into the same category of the standard applications above mentioned. It is daring but not revolutionary as yet. In fact, "contamination" between branches is a direction that modern theoretical physics is vigorously taking in its applications of theories born in one sector to apparently unrelated phenomena. An example is the AdS/CFT correspondence of Juan Maldacena born within string theory and applied, e.g., to quark-gluon plasma, see, e.g., Maldacena, 2003 .
The conservative approach can be pushed as far as trying to fit as many aspects as possible of an entire biological phenomenon within a pre-existing physical scheme suitably adjusted to the biological needs. This way the predictive power of the model grows according to how good is the fit and to how good is the predictive power of the theory.
All of the above is what we could call the "lending of a methodology" from physics to biology. Physics is based on few principles from which predictions are derived via a rigorous mathematical machinery. When the above outlined application to biology is implemented (either in the ultraconservative approach of using only the "proper" physics or in the less conservative approach of using formalisms and ideas originated in different areas of physics, as far as, e.g., general relativity) the methodology of physics can be exploited and, within the limits of application, the control gained on that aspect of the biological phenomenon is very high.
Even if I declared my near-to-complete ignorance of many developments in the field and till this point I based my considerations merely on my direct experience with the two cases above recalled I must admit some reading on the problem. From those readings, e.g. Phillips and Quake, 2006, I learned that besides me also serious practitioners are asking for a more general approach in the application of physics to biology to gain a wide view, a comprehensive scheme that applies to the whole of biology, or at least to a large part of it. We might call this scheme a "general theory of physical biology" (GTPB), namely, the conceptual frame that should always work, for all biological problems, no matter the complexity, and that "just" needs to be applied case by case... like it happens for physics. The question is whether we could reach that stage within the conservative view of lending to biology the methodology of physics, one way or the other.
Before I venture into discussing the revolutionary approach, it is necessary a last remark about the other end of the spectrum, i.e. physical theories that apply to the whole of biology but also to many other dead phenomena. These are the theories of complex systems and far from equilibrium thermodynamics. 4 The frame here is too lose. It fits too much: from traffic jams to cell duplication, from financial markets to collective modes in the brain, from weather forecast to evolution. These theories are probably relevant for the GTPB, but do not appear to be the solution of the problem of finding the frame.
Biology is Physics: Enlarging the View
The revolutionary approach to the physical explanation of life consists in facing the problem of building-up the GTPB by leaving open the 4 See, e.g., Volkenstein, 1983 for a textbook chapter on nonequilibrium thermodynamics and biology, and, e.g., Parisi, 1994 for complex systems in biology possibility that new physics can arise in its solution. I have no proposal for such new physics so let me go back to the time when the physical description of life phenomena was postulated to be possible only with drastic changes for physics and let us see whether that call has been answered.
I am referring to Schrödinger's famous lectures delivered in 1943 at Trinity College in Dublin (Schrödinger, 1944) . The lectures' main message could be summarized in the form of two "assignments". The first one, for biologists, was to prove that the carrier of genetic information is an "aperiodic molecule". The second one, for physicists, was to modify physics to include the fact that living matter is based on the "order from order" paradigm rather than the "order from disorder" paradigm of dead matter. A key role in the arguments behind both assignments is played by quantum mechanics. Let me now explain this in some details.
The first "assignment"
These were the data on Schrödinger's table: (I) Order and regularity are distinctive features of life phenomena; (II) Genes are small (from the exchange of characters during meiosis and its effect on the new generations); (III) The phenotype is stable over large timescales; (IV) Hereditary mutations are rare and they are not continuous changes but single, localized events (from X-ray induced mutations); (V) There is a great variety of hereditary characters.
Data (I), (III) and (V) do not need any scientific research, they are evident to everybody. It is matter of taking them into account. Data (II) and (IV) were in those days under intense scrutiny in biology laboratories.
Based on (I) he claims that the functioning of organisms requires exact physical laws. According to the classical (non quantum) physics exactitude can only be attained in a statistical sense. If, for instance, we want to know the mean value of the number of particles in a given system, say it n , then the actual number of particles n is = nnn ± per cent. This is too big for the classical statistical exactitude needed for the functioning of biological systems. From here he argues that genes cannot be described using the laws of classical physics. With this and with (III) (stability against thermal fluctuations) he concludes that a gene needs be an enormous molecule (solid), hence hold together by quantum mechanical forces.
Within this model the exactitude needed for order is attained via quantum mechanics. Order here is characteristic of a structure (the molecule) that resists against decaying into its components in a time
where τ is a characteristic time, W is the energy stored in the molecule, B k is the Boltzmann constant, T the temperature.
Schrödinger says that when only a small number of components are involved this feature (resistance against decay into disordered parts) is solely quantum mechanical. The crucial point in this argument is the "molecule = solid" paradigm, i.e. that a molecule is a seed for a solid. Conversely, a solid is a macroscopic manifestation of quantum mechanics: there would be no solid if there would not be quantum mechanical forces holding the molecules together and then holding the molecules among themselves.
To explain (IV), i.e. rarity of mutations, this enormous molecule or solid must have
>. B WkT (5)
The X-ray induced mutations point to discontinuity of the process because the growth in frequency of mutations, say it M f , is directly proportional to the dose of X-rays (in certain units)
and to localization of the event on the gene. Therefore, mutations need be ionizations or a variant, in analogy with isomeric transitions in chemistry. Hence, to explain the great variety of life forms and of hereditary characters, he concludes that this solid needs be aperiodic (as opposed to the periodicity of other solids like, e.g., crystals) and the variety of biological characters is not coming from the variety of different components in the molecule but from the different arrangements of a small number of components 5 ( isomerism) that have to be arranged non-periodically to carry enough information.
The bottom line of this impressively sharp scrutiny was "We deem a gene -or perhaps the entire chromosomic fiber -be an aperiodic solid. The objection that the fiber be very flexible is not a serious one as so is a thin copper wire". This was 1943. Ten years later the molecule was discovered in laboratories and found to respect Schrödinger's predictions. Thus the first "assignment" of those lectures was taken on by biologists 6 and successfully fulfilled. Besides Rosalind Franklin, Maurice Wilkins, Francis Crick and James Watson we could safely add Erwin Schrödinger in a fully complete list of discoverers of the structure and role of DNA.
The second "assignment"
"From this model of the hereditary substance emerges that living matter on the one hand does not elude the laws of physics, on the other hand it probably involves other physical laws, to-date unknown. This is the only reason that forced me to write this book" says Schrödinger.
While the prediction of the structure of DNA had a clear follow-up, the search for the unknown laws of physics did not have the same fate. Schrödinger's view here can be summarized 5 Schrödinger uses 5 with some rules for combination for a purely illustrative example but even that he got quite right as the number of nucleotides for DNA or RNA is 4. 6 This needs not to be taken literally with the exception of Francis Crick who openly admitted to be strongly influenced by Schrödinger's arguments. In fact, he was a physicist.
as: a living organism is an ordered large physical system which is the expression of the order of the quantum principle at work in the small, i.e. for the hereditary substance. In a motto: life phenomena are the quantum expression of order from order.
As recalled in the previous discussion the laws of physics reach exactitude, necessary for order, only according to the n law. For the hereditary substance the argument is broken because the participating atoms are too few, but for, e.g., the culiseta longiareolata (the mosquito in Fig. 6 and Fig. 7 ) the number of atoms is roughly 18 (10) nO : which should be good enough. Nonetheless, Schrödinger's argument here is that it cannot be through classical statistical effects that the order is reached for organisms (this is the "order from disorder" paradigm of the physics of non-living matter) because they manage to sustain their steady states "against" the second law of thermodynamics by taking in order from a suitable environment. There is no violation of the second law assumed here because living systems are open. Instead, what Schrödinger suggests in this final part of his lectures (and the most important for him) is that new laws of physics needed to be invented to be able to describe this profoundly different kind of macroscopic order that is sustained against decaying into equilibrium, hence death.
Schrödinger says that although the laws had (have?) still to be discovered, the principle at work is still the quantum principle. He makes an analogy between a living organism and a macroscopic mechanism like a mechanical clock. In both cases the macroscopic order is sustained against disorder and thermodynamic equilibrium via the interaction with an environment (the spring for the clock, metabolism for the living organism). In my understanding, the main message here is that both macroscopic structures, a solid and a living organism, own their order and stability against fluctuations to the quantum order and stability of the molecules (seeds) that make them. The crucial difference is in the way the seed makes a solid (by repeating itself again and again) and in the way it makes living matter (still by repeating itself again and again but this time structurally involving the environment in the process).
To my knowledge this second "assignment" of finding the new laws of physics to describe the "order from order" paradigm at work for leaving matter and based on the quantum principle is still unfulfilled. If Schrödinger was right, we could find those new laws of physics while trying to build-up the missing GTPB. This requires, though, to be more revolutionary than what we have been till now in the physical thinking of biological phenomena. Figure 6 . Schrödinger viewed life phenomena as order "induced" in the large (the living organism, a mosquito in this picture) by the order in the small (the aperiodic solid). To-date physics has not taken this fully into account in explaining living matter, the hard part being to have the "induction" under control and to view a macroscopic object as a product of quantum mechanics.
Figure 7.
Living matter is able to keep its order by taking order in from the the environment and use it to reduce its entropy (metabolism).
Conclusions
The general framework to treat biological phenomena from a physical perspective (GTPB) is missing. We should try to construct it while keeping the possibility that new physics could be discovered along the way. Since Schrödinger's suggestion that new laws need to be introduced to describe living matter with physics is still an open question it is worth investigate whether such new laws could be find this way. Namely, they could emerge from the understanding of how the order and stability of the molecule of life, DNA, is "induced" in the order and stability of the macroscopic organism.
A good starting point to set-up the GTPB could be the "life" cycle of a virus that is essentially a piece of genetic material cased by the proteins it encodes: it is at the border between small and large; it is simple enough to hope for a fully quantitative description; it is close enough to living matter to be a good theoretical laboratory. 
